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Tomosyn: a Syntaxin-1±Binding Protein
that Forms a Novel Complex in the
Neurotransmitter Release Process
Rothman, 1994; SuÈdhof, 1995; Bajjalieh and Scheller,
1995). Of these components, syntaxin plays a central
role by interacting with many other components, includ-
ing Munc18/n-Sec1/rbSec1, synaptosome-associated
protein of 25 kDa (SNAP-25), vesicle-associated mem-
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At least six isoforms of syntaxin have been reported,1Department of Molecular Biology and Biochemistry
Osaka University Medical School syntaxin-1a, -1b, -2, -3, -4, and -5 (Bennett et al., 1993).
Syntaxin-1 (1a and 1b) is expressed exclusively in brain,Suita 565-0871
2Takai Biotimer Project but four other syntaxins are ubiquitously expressed
(Bennett et al., 1993). Of these isoforms, syntaxin-1 playsERATO
Japan Science and Technology Corporation an essential role in neurotransmitter release (Blasi et al.,
1993; Schulze et al., 1995).c/o JCR Pharmaceuticals Co., Ltd.
2-2-10 Murotani Nishi-ku Kobe 651±2241 The mechanism by which syntaxin-1 functions in the
docking and/or fusion processes is not fully understood,3Department of Virology II
National Institute of Health but syntaxin-1 forms a complex with SNAP-25, VAMP,
and synaptotagmin (the 7S complex) that is crucial forTokyo 162-0052
4Department of Anatomy and Neurobiology these processes (SoÈ llner et al., 1993a; Nichols et al.,
1997). In this complex, VAMP is localized on synapticGraduate School Kyoto University
Kyoto 606±8315 vesicles and serves as a v-soluble N-ethylmaleimide-
sensitive factor attachment receptor (SNARE), whereasJapan
5Department of Molecular and Cellular Physiology syntaxin-1 and SNAP-25 are largely localized on the
presynaptic plasma membrane and serve as t-SNAREs.Howard Hughes Medical Institute
Stanford University Medical Center Synaptotagmin, another component of the 7S complex,
is a Ca21-binding protein localized on synaptic vesiclesStanford, California 94305
and may serve as a sensor for regulated exocytosis.
Synaptotagmin in the 7S complex is replaced by a-SNAP
and N-ethylmaleimide-sensitive factor (NSF) to form aSummary
20S complex, and hydrolysis of ATP by NSF dissociates
components of the complex.Syntaxin-1 is a component of the synaptic vesicle dock-
Munc18 interacts with syntaxin-1a with the highesting and/or fusion soluble N-ethylmaleimide-sensitive
affinity (Kd 5 80 nM) among all the syntaxin-1-bindingfactor attachment receptor (SNARE) complex (7S and
proteins (Pevsner et al., 1994b). This interaction is so20S complexes) in nerve terminals. Syntaxin-1 also
stable that other syntaxin-1-binding proteins are unableforms a heterodimer with Munc18/n-Sec1/rbSec1 in a
to disrupt it. Thus, Munc18 plays an inhibitory role incomplex that is distinct from the 7S and 20S com-
the formation of the 7S complex (Pevsner et al., 1994b).plexes. In this report, we identify a novel syntaxin-
We have previously shown that Munc18 is phosphory-1±binding protein, tomosyn, that is capable of dissoci-
lated by protein kinase C, and that this phosphorylationating Munc18 from syntaxin-1 and forming a novel 10S
inhibits the interaction of Munc18 with syntaxin-1a (Fu-complex with syntaxin-1, synaptosome-associated
jita et al., 1996). However, since the Munc18 bound toprotein of 25 kDa (SNAP-25), and synaptotagmin. The
syntaxin-1a is not phosphorylated by protein kinase C,130 kDa isoform of tomosyn is specifically expressed
the mechanism by which Munc18 dissociates from syn-in brain, where its distribution partly overlaps with that
taxin remains unknown. On the assumption that thereof syntaxin-1 in nerve terminals. High level expression
is a protein that binds to either syntaxin-1 or Munc18,of either syntaxin-1 or tomosyn results in a specific
perhaps to dissociate Munc18 from syntaxin-1, we havereduction in Ca21-dependent exocytosis from PC12
attempted here to identify a novel syntaxin-1± or Munc18-cells. These results suggest that tomosyn is an impor-
binding protein. Here, we have identified and character-tant component in the neurotransmitter release pro-
ized a novel syntaxin-1-binding protein that we namedcess where it may stimulate SNARE complex for-
tomosyn (tomo [ªfriendº in Japanese] of syntaxin-1).mation.
Introduction Results
Recent studies have identified many components impli- Isolation of a Syntaxin-1a±Binding Protein
cated in the docking and/or fusion of synaptic vesicles from Rat Cerebral Cytosol
with the presynaptic plasma membrane (reviewed by Rat cerebral cytosol was subjected to GST-syntaxin-1a
or GST-Munc18 column chromatography. The eluted
proteins were analyzed by SDS-PAGE followed by pro-6 Present address: Max Delbruck Center for Molecular Medicine,
tein staining. Two bands with Mrs of z67 kDa (p67) andRobert-Rossle-Str. 10, 13125 Berlin, Federal Republic of Germany.
7 To whom correspondence should be addressed. z130 kDa (p130) were detected in the eluate from the
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and encodes a protein with a calculated Mr of 123,636
and 1,116 aa (accession number U92072). p130 has no
transmembrane segment. We named p130 tomosyn.
A computer homology search revealed that tomosyn
is homologous to the lethal(2)giant larvae (l(2)gl) gene,
which was originally identified as a tumor suppressor
gene in Drosophila (Gateff and Schneiderman, 1969;
Mechler et al., 1985). To date, many l(2)gl-related genes
have been reported in many species, including mouse,
human, and C. elegans (Tomotsune et al., 1993; Strand
et al., 1995). In the same species, there are several re-
lated genes, suggesting the existence of the l(2)gl family
consisting of the related members. The protein with the
highest homology to tomosyn was the MO1A10.2a gene
product of C. elegans, with which tomosyn shared 35%
identity.
Figure 1. Isolation of a Syntaxin-1a±Binding Protein from Rat Cere-
Specific Binding of Tomosyn to Syntaxin-1 Isoformbral Cytosol
Using GST-syntaxin isoform (1a, 2, 3, and 4) column(A) Affinity column chromatography. Rat cerebral cytosol (234 mg
chromatographies, we examined whether tomosyn is aof protein, 60 ml) was applied to GST-syntaxin-1a (1.2 nmol) or GST-
syntaxin-1 isoform-specific binding protein. TomosynMunc18 (1.2 nmol) column. Proteins bound to the beads were eluted
and subjected to SDS-PAGE followed by protein staining with Coo- was recovered from the GST-syntaxin-1a column but
massie brilliant blue. Lane 1, GST-syntaxin-1a with rat cerebral not from the other columns (Figure 2A). Under the condi-
cytosol; lane 2, GST-Munc18 with rat cerebral cytosol; lane 3, GST- tions, Munc18 bound to syntaxin-1, -2, and -3 as de-
syntaxin-1a without rat cerebral cytosol; lane 4, GST-Munc18 with-
scribed (Pevsner et al., 1994a; Hata and SuÈ dhof, 1995).out rat cerebral cytosol; lane 5, rat cerebral cytosol (50 mg). The
We were unable to examine whether tomosyn binds toarrow and arrowhead indicate the positions of p130 and endoge-
syntaxin-1b, because syntaxin-1b was not expressed innous Munc18, respectively. Protein markers used were: myosin (197
kDa), b-galactosidase (115 kDa), BSA (89 kDa), and ovalbumin (52 E. coli. However, both syntaxin-1a and -1b were coim-
kDa). munoprecipitated with the anti-tomosyn antibody from
(B) Western blot analysis of recombinant tomosyn. Recombinant the fraction enriched in synaptic vesicles and synaptic
and native tomosyn samples were subjected to SDS-PAGE followed
plasma membranes (LP2 fraction; see below). Theseby Western blotting using an anti-tomosyn antibody. Lane 1, the
results indicate that tomosyn is a syntaxin-1±specifichomogenate of Sf9 cells expressing tomosyn; lane 2, tomosyn puri-
binding protein.fied from rat cerebral cytosol by GST-syntaxin-1a affinity column
chromatography. Protein markers used were the same as those
used in (A). The arrow indicates the position of tomosyn. The results
Direct Binding of Tomosyn to Syntaxin-1shown in (A) and (B) are representative of three independent experi-
We confirmed using a blot overlay assay that tomosynments.
directly bound to syntaxin-1a. Rat cerebral cytosol and
thehomogenate of COS7 cells expressing tomosyn were
blotted onto a membrane after SDS-PAGE and over-GST-syntaxin-1a column but not from the GST-Munc18
layed with GST-syntaxin-1a. GST-syntaxin-1a bound tocolumn (Figure 1A). p67 was endogenous Munc18, which
only tomosyn in rat cerebral cytosol (Figure 2B). GSThas been known tobind to syntaxin-1 as described (Hata
did not bind to any protein (data not shown). GST-syn-et al., 1993). No specific Munc18-binding protein was
taxin-1a also bound to tomosyn expressed in COS7detected under these conditions.
cells. Under these conditions, none of GST-SNAP-25,
GST-VAMP, GST-synaptotagmin, His6-a-SNAP-myc, orMolecular Cloning of the Tomosyn cDNA
His6-NSF-myc bound to tomosyn (data not shown).p130 was accumulated, and amino acid (aa) sequences
These results indicate that tomosyn directly and specifi-of peptides were determined. On the basis of this infor-
cally binds to syntaxin-1a.mation, degenerate oligonucleotide probes were de-
In this series of experiments, we attempted to usesigned, and a rat brain cDNA library was screened. One
recombinant soluble tomosyn. However, tomosyn wasclone contained z3.3 kbp coding region that included
not expressed in E. coli, and tomosyn expressed in Sf9all of the determined aa sequences and an in-frame stop
or COS7 cells was mostly recovered in the detergent-codon. The neighboring sequence of the first ATG was
insoluble membrane fraction and we could not obtain aconsistent with the translation initiation start site pro-
soluble sample of full-length tomosyn. We do not knowposed by Kozak (Kozak, 1987), and neither an in-frame
whether the detergent insolubility of tomosyn overex-stop codon noranother ATG was found 500 bpupstream
pressed in Sf9 and COS7 cells was due to its insolubleof the first ATG. When the homogenate of the Sf9 cells
aggregation or its association with cytoskeletal ele-transfected with this cDNA was subjected to SDS-PAGE
ments.followed by Western blotting using an anti-p130 anti-
body, the recombinant protein showed the same mobil-
ity as that of native p130 (Figure 1B). These results indi- Binding Regions of Tomosyn and Syntaxin-1a
The binding regions of syntaxin-1a for Munc18, SNAP-cate that this clone contains the open reading frame of
p130. The open reading frame is comprised of 3,348 bp 25, VAMP, synaptotagmin, and a-SNAP are well defined
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Figure 2. Specific and Direct Binding of To-
mosyn to Syntaxin-1a
(A) Specific binding of tomosyn to syntaxin-
1a. Rat cerebral cytosol (156 mg of protein,
40 ml) was applied to GST-syntaxin isoform
(1a, 2, 3, or 4) (1.2 nmol) column. Proteins
bound to the beads were eluted and sub-
jected to SDS-PAGE followed by protein
staining with silver. Lanes 1 and 5, GST-syn-
taxin-1a; lanes 2 and6, GST-syntaxin-2; lanes
3 and 7, GST-syntaxin-3; lanes 4 and 8, GST-
syntaxin-4. Lanes 1±4, with rat cerebral cyto-
sol; lanes 5±8, without rat cerebral cytosol.
The arrow and arrowhead indicate the posi-
tions of tomosyn and endogenous Munc18,
respectively. Protein markers used were the
same as those used in Figure 1A.
(B) Direct binding of tomosyn to syntaxin-1a
in a blot overlay assay. Rat cerebral cytosol
(30 mg of protein) or the homogenate of COS7 cells transfected with pEF-MOCK or pEF-tomosyn (15 mg of protein) with the DEAE-dextran
method (Hata and SuÈ dhof, 1995) was subjected to SDS-PAGE followed by a blot overlay assay using 0.5 nmol of GST-syntaxin-1a. Lane 1,
rat cerebral cytosol; lane 2, COS7 cells transfected with pEF-MOCK; lane 3, COS7 cells transfected with pEF-tomosyn. Protein markers used
were the same as those used in Figure 1A. Arrow indicates the position of tomosyn. The results shown in (A) and (B) are representative of
three independent experiments.
(Kee et al., 1995; Kee and Scheller, 1996). Figure 3A GST-syntaxin-1a (20 pmol) was first incubated with ex-
cess quantities of His6-Munc18 (60 pmol) under the con-shows a schematic diagram of the binding regions of
syntaxin-1a for these proteins. Tomosyn expressed in ditions where most GST-syntaxin-1a formed a complex
with His6-Munc18. Thereafter, the syntaxin-1a-Munc18Sf9 cells was blotted onto a membrane after SDS-PAGE
and overlayed with various truncated forms of GST-
syntaxin-1a (Kee et al., 1995; Kee and Scheller, 1996).
The truncated forms including aa 191±266 bound to to-
mosyn (Figure 3B). The same result was obtained by
affinity column chromatographies with various trun-
cated forms of GST-syntaxin-1a (data not shown). This
region is the minimum VAMP-binding region of syntaxin-
1a (Kee et al., 1995; Kee and Scheller, 1996).
Conversely, the MBP- (maltose-binding protein) N-ter-
minal and MBP-C-terminal fragments of tomosyn blot-
ted onto a membrane after SDS-PAGE were overlayed
with GST-syntaxin-1a. Neither the N-terminal nor C-ter-
minal fragment bound to GST-syntaxin-1a (data not
shown).
Dissociation of Munc18 from Syntaxin-1a
by Tomosyn
We examined the effect of tomosyn on the syntaxin-
1a±Munc18 interactions. First, tomosyn (10 pmol) ex-
pressed in Sf9 cells was blotted onto a membrane after
SDS-PAGE and overlayed with various quantities of
GST-syntaxin-1a, and the amounts of GST-syntaxin-1a
bound to tomosyn were quantitated. GST-syntaxin-1a
bound to tomosyn in a dose-dependent manner, and
the value for the half maximum binding was about 15 Figure 3. Tomosyn Binding Region of Syntaxin-1a
nM (Figure 4A). Second, GST-syntaxin-1a was incu-
(A) Schematic diagram of the binding regions of syntaxin-1a for
bated with tomosyn blotted onto a membrane in the various proteins.
presence of various quantities of His6-Munc18, and the (B) Binding of tomosyn to truncated forms of syntaxin-1a. Each
truncated form of GST-syntaxin-1a (30 pmol) was incubated withamounts of GST-syntaxin-1a bound to tomosyn were
tomosyn (10 pmol) on nitrocellulose membranes for 2 hr, and thequantitated. As the quantitiesof His6-Munc18 increased,
truncated form bound to tomosyn was detected. Lane 1, GST-syn-amounts of GST-syntaxin-1a bound to tomosyn de-
taxin-1a (aa 4±114); lane 2, GST-syntaxin-1a (aa 4±190); lane 3, GST-creased (Figure 4B). His6-Munc18 did not bind to tomo- syntaxin-1a (aa 4±221); lane 4, GST-syntaxin-1a (aa 4±240); lane 5,
syn or to the tomosyn-syntaxin-1a complex (data not GST-syntaxin-1a (aa 4±266); lane 6, GST-syntaxin-1a (aa 191±266);
shown). These results indicate that tomosyn binds to lane 7, GST-syntaxin-1a (aa 221±266). The results shown are repre-
sentative of three independent experiments.syntaxin-1a in a mannercompetitive with Munc18. Third,
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Figure 4. Effect of Tomosyn on the Binding of Munc18 to Syntaxin-1a
(A) Binding of syntaxin-1a to tomosyn. Various quantities of GST-syntaxin-1a were incubated with tomosyn (10 pmol) on nitrocellulose
membranes for 2 hr. Syntaxin-1a bound to tomosyn was detected. (Aa) shows blot overlay, whereas (Ab) represents quantitation.
(B) Binding of syntaxin-1a to tomosyn in the presence of Munc18. GST-syntaxin-1a (10 pmol) was mixed with various quantities of His6-
Munc18 in 250 ml of Buffer A (20 mM HEPES/NaOH [pH 7.4], 1 mM DTT, 50 mM NaCl, and 0.3% CHAPS) for 1 hr, followed by incubation with
tomosyn (10 pmol) on the membranes for 2 hr. Syntaxin-1a bound to tomosyn was detected. (Ba) shows blot overlay, whereas (Bb) represents
quantitation.
(C) Effect of tomosyn on the syntaxin-1a-Munc18 complex. To prepare the syntaxin-1a-Munc18 complex, GST-syntaxin-1a (20 pmol) and His6-
Munc18 (60 pmol) were mixed in 250 ml of Buffer A for 1 hr. The syntaxin-1a-Munc18 complex was further incubated with various quantities
of tomosyn on the membranes for 2 hr. Syntaxin-1a bound to tomosyn was detected. (Ca) shows blot overlay, whereas (Cb) represents
quantitation.
The values are expressed as mean 6 SEM of three independent experiments. The results shown in (Aa) through (Ca) are representative of
three independent experiments.
complex was further incubated with various quantities syntaxin-1a and -1b were detected to a similar extent
in this extract by the anti-syntaxin-1 antibody (data notof tomosyn blotted onto a membrane, and the GST-
syntaxin-1a bound to tomosyn was quantitated. After shown). Tomosyn in the extract was immunoprecipi-
tated with the anti-tomosyn antibody. Both syntaxin-1athe incubation with 10 pmol of tomosyn, about 1 pmol
of GST-syntaxin-1a formed a complex with tomosyn and -1b were coimmunoprecipitated with tomosyn to a
similar extent (data not shown). The molar ratio of tomo-(Figure 4C). With larger quantities of tomosyn, more than
8 pmol of GST-syntaxin-1a formed a complex with tomo- syn and syntaxin-1 was 1:0.9 6 0.1. Under the condi-
tions, about 3% of total syntaxin-1 in the extract wassyn. These results, together with those of Figure 4A,
indicate that syntaxin-1a bound to tomosyn was mainly coimmunoprecipitated. When immunoprecipitation was
performed with the nonimmune rabbit serum, neitherderived from the Munc18-complexed form but not from
the Munc18-free form. Under the conditions used, His6- tomosyn nor syntaxin-1 was immunoprecipitated (data
not shown). These results indicate that in the LP2 frac-Munc18 was not detected on the membrane (data not
shown), indicating that the tomosyn-syntaxin-1a-Munc18 tion tomosyn is mostly associated with syntaxin-1,
whereas syntaxin-1 is partly associated with tomosyn.complex was not formed. These results indicate that
tomosyn is capable of dissociating Munc18 from syn- We next examined whether tomosyn is included in
the 7S complex. The detergent extract of the LP2 frac-taxin-1a, although the possibility remains that the syn-
taxin-binding relationship of tomosyn and Munc18 is tion was subjected to glycerol gradient centrifugation
and the distributions of tomosyn, syntaxin-1, SNAP-25,simply competitive. Since a soluble tomosyn sample
is not available, we were unable to examine whether VAMP, synaptotagmin, a-SNAP, and NSF were analyzed
by Western blotting using each antibody (Figure 5A).tomosyn affected the Koff rate of the syntaxin-1-Munc18
complex. Therefore, we could not clarify how tomosyn Syntaxin-1 and synaptotagmin were mostly recovered
in fractions 6±8, whereas SNAP-25 and VAMP weredisrupts the syntaxin-Munc18 complex.
mostly in fractions 8±11. Tomosyn was mostly recovered
in fractions 3±6. Syntaxin-1, SNAP-25, and synapto-Formation of a Novel Tomosyn 10S Complex
The amount of tomosyn was estimated to be about 3% tagmin were also detected to small extents in fractions
3±6 as described (Pevsner et al., 1994b). a-SNAP andof that of syntaxin-1 in the detergent extract of the LP2
fraction by Western blotting using each antibody. Both NSF were recovered in fractions 8 and 9 and fractions
Tomosyn: a Novel Syntaxin-1±Binding Protein
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Figure 5. A Novel Complex Formation by Tomosyn
The detergent extract of the LP2 fraction was subjected to glycerol gradient centrifugation. An aliquot (25 ml for synaptotagmin, syntaxin-1,
SNAP-25, VAMP, and a-SNAP, and 50 ml for tomosyn and NSF) of each fraction was subjected to SDS-PAGE followed by Western blotting
using each indicated antibody. Another aliquot of each fraction (400 ml) was immunoprecipitated with the anti-tomosyn antibody followed by
Western blotting using each indicated antibody. The nonimmune rabbit serum was used as a control. In the case of synaptotagmin, the
background nonspecific immunoprecipitation was very high. The protein markers used were a2-macroglobulin (20S), catalase (11.3S), and
BSA (4.6S). (A), elution profile; (B), immunoprecipitation. Lane 1, immunoprecipitate with the anti-tomosyn antibody; lane 2, immunoprecipitate
with the nonimmune rabbit serum. These results shown are representative of three independent experiments.
1±8, respectively. When each fraction was immunopre- that a protein with a Mr of about 120 kDa (p120) was
detected in other tissues (Figure 6A). Northern blot anal-cipitated with the anti-syntaxin-1 antibody, SNAP-25,
VAMP, and synaptotagmin were coimmunoprecipitated ysis using RNAs prepared from various rat tissues
showed z7.0 kb and z4.8 kb mRNAs (data not shown).with syntaxin-1 in fractions 6±9 as described (Pevsner
et al., 1994b), indicating that these fractions include the The 7.0 kb mRNA was detected mainly in brain and to
a much lesser extent in skeletal muscle and kidney. The7S complex. Tomosyn was coimmunoprecipitated with
syntaxin-1 in fractions 3±6, but not in fractions 6±9, indi- 4.8 kb mRNA was enriched in brain and kidney, but
expressed also in other tissues, including heart, spleen,cating that tomosyn is not included in the 7S complex
(data not shown). When each fraction was treated with lung, liver, skeletal muscle, and testis. It is not known
which mRNAÐthe 7.0 kb or 4.8 kb mRNAÐis translatedthe anti-tomosyn antibody, syntaxin-1, SNAP-25, and
synaptotagmin, but not VAMP, a-SNAP, or NSF, were into tomosyn, but these results suggest that tomosyn
has an alternatively spliced isoform or a homolog thatcoimmunoprecipitated with tomosyn in fractions 3±6
(Figure 5B). Under the conditions used for this experi- is expressed in tissues other than brain.
Using both a blot overlay assay and GST-syntaxin-1ament, these proteins were coimmunoprecipitated at mo-
lar ratios of 1 : 0.9 6 0.1 : 1.1 6 0.1 : 0.9 6 0.1 (tomosyn: affinity column chromatography, we examined whether
syntaxin-1a bound to p120, which was abundant insyntaxin-1:SNAP-25:synaptotagmin). The results indi-
cate that tomosyn, syntaxin-1, SNAP-25, and synapto- spleen and lung. Syntaxin-1a did not bind to this protein
under the conditions where syntaxin-1a bound to thetagmin form a novel complex (tomosyn complex) that
is different from the 7S and 20S complexes. The S value 130 kDa isoform of tomosyn in brain (data not shown).
of the tomosyn complex was about 10S, as expected
from the S value of each component. Addition of exoge- Localization of Tomosyn in Rat Neural Tissue
Rat cerebra were divided into the cytosol, detergent-nous VAMP to the tomosyn complex did not result in
conversion to the 7S complex (data not shown). soluble membrane, and detergent-insoluble membrane
fractions. Tomosyn was detected in both the cytosol
and detergent-soluble membrane fractions to a similarTissue Distribution of Tomosyn
Western blot analysis using the anti-tomosyn antibody extent, whereas little was detected in the detergent-
insoluble membrane fraction (Figure 6Ba). This result,showed that tomosyn was detected only in brain but
Neuron
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Figure 6. Tissue Distribution of Tomosyn and Localization of Tomo-
syn and Syntaxin-1 in Rat Neural Tissue
(A) Tissue distribution. The homogenates of various rat tissues (30
mg of protein each) were subjected to SDS-PAGE followed by West-
ern blotting using the anti-tomosyn antibody. Protein markers used
were the same as those used in Figure 1A. Arrow and arrowhead
indicate the positions of tomosyn and a protein with a smaller size,
respectively.
(B) Subcellular distribution of tomosyn in rat
cerebra. (Ba) shows rough fractionation. Rat
cerebra were divided into three fractions.
Each fraction (50 ml) was subjected to SDS-
PAGE followed by Western blotting using the
anti-tomosyn antibody. Lane 1, the cytosol
fraction; lane 2, the detergent-soluble mem-
brane fraction; lane 3, the detergent-insoluble
membrane fraction. (Bb) shows detailed sub-
cellular fractionation of the P2C fraction (the
synaptosomal fraction). Each fraction was
subjected to SDS-PAGE followed by Western
blotting using the anti-tomosyn antibody and
the anti-a-subunit of Na1/K1-ATPase and
anti-synaptophysin antibodies as controls.
a-subunits of Na1/K1-ATPase and synapto-
physin were used as synaptic plasma mem-
brane and vesicle markers, respectively
(Mays et al., 1995; Navone et al., 1986).
(Bb-1) Lane 1, the P2C fraction; lane 2, the
crude synaptic plasma membrane fraction;
lane 3, the crude synaptic vesicle fraction;
lane 4, the synaptosomal cytosolic fraction.
(Bb-2) Lane 1, the crude synaptic plasma
membrane fraction; lane 2, the SM1 fraction
(most pure sample of synaptic plasma mem-
branes); lane 3, the SM2 fraction; lane 4, the
SM3 fraction; lane 5, the SM4 fraction.
(Bb-3) Lane 1, the crude synaptic vesicle frac-
tion; lane 2, the SV1 fraction (most pure sam-
ple of synaptic vesicles); lane 3, the SV2 frac-
tion; lane 4, the SV3 fraction; lane 5, the SV4
fraction. In (Bb-1), 5 mg, 5 mg, and 2.5 mg of
proteins were used for Western blotting of
tomosyn, a-subunit of Na1/K1-ATPase, and
synaptophysin, respectively. In (Bb-2) and
(Bb-3), 5 mg, 5 mg, and 1 mg of proteins were
used for Western blotting of tomosyn, a-sub-
unit of Na1/K1-ATPase, and synaptophysin,
respectively.
(C) Light microscopic analysis of tomosyn
and syntaxin-1 in rat neural tissue. The sam-
ples were doubly stained with the anti-tomo-
syn and anti-syntaxin-1 antibodies. They
were visualized with Texas red±conjugated
anti-rabbit and FITC-conjugated anti-mouse
antibodies. (Ca), (Cc), (Ce), and (Cg) were
stained with the anti-tomosyn antibody; (Cb),
(Cd), (Cf), and (Ch) were stained with the anti-
syntaxin-1 antibody. (Ca) and (Cb) are from
hippocampus (CA3). Abbreviations are: so,
stratum oriens; sp, stratum pyramidale; and
sr, stratum radiatum. (Cc) and (Cd) are from
cerebellum. Abbreviations are: ml, molecular
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which is consistent with tomosyn's structural features,
suggests that tomosyn is not a transmembrane protein.
The synaptosomal fraction (the P2C fraction) was further
fractionated into the synaptic plasma membrane, vesi-
cle, and cytosol fractions. Tomosyn was detected in all
the fractions but was most enriched in the synaptic
plasma membrane fraction (Figure 6Bb).
Figure 6C shows the results analyzed by immunofluo-
rescence light microscopy. Figures 6Ca and 6Cb show
the localization of tomosyn and syntaxin-1 in the CA3
region in rat brain. Both of the proteins were virtually
colocalized in all of the synapse. In cerebellum, both of
the proteins were also colocalized in synapse-forming Figure 7. Effect of Overexpression of Tomosyn or Syntaxin-1a on
Release of Coexpressed GH from PC12 Cellsregions, such as cerebellar molecular and granular lay-
ers (Figures 6Cc and 6Cd). In the retina, tomosyn was (A) shows high K1-induced release, whereas (B) shows low K1-
induced release. Bar 1 shows the effects of treatment with pEF-detected in the synaptic regions of outer and inner plexi-
myc (1.5 mg), whereas bar 2 and bar 3 show the effects of treatmentform layers and the perikarya of bipolar and ganglion
with pCMV-syntaxin-1a (1.5 mg) and EF-myc-tomosyn (1.5 mg), re-cells (Figure 6Ce). Syntaxin-1 was found in the inner
spectively. Data are expressed as the average percentage released
plexiform layer but was undetectable in the outer plexi- of the total GH stores. The values are expressed as mean 6 SEM
form layer (Figure 6Cf). In the neuromuscular junction, of three independent experiments. *p , 0.01 versus GH secretion
tomosyn and syntaxin-1 were found in the motor nerve from cells transfected with control plasmid pEF-myc.
terminal (Figures 6Cg and 6Ch).
Ultrastructural localization of tomosyn in synapses
was compared with that of syntaxin-1 using the silver- the human growth hormone (GH) coexpression assay
enhanced immunogold labeling method. In the syn-
system of PC12 cells (Wick et al., 1993). In this system,
apses of the cerebellar molecular layer, tomosyn was
both GH and a sample to be tested were coexpressed
equally localized in the pre- and postsynapses, whereas
in PC12 cells, and the cells were stimulated by high K1
syntaxin-1 was localized on the presynaptic plasma
in the presence of Ca21 in the medium. GH is known tomembranes and axonal plasma membranes (Figures
be stored in dense core vesicles and to be released in6Da and 6Db). In the pre- and postsynapses, some to-
response to high K1 stimulation in an extracellular Ca21-mosyn was observed close to the pre- and postsynaptic
dependent manner (Schweitzer and Kelly, 1985). Whenplasma membranes. In the neuromuscular junction, both
syntaxin-1a was overexpressed, the high K1-inducedtomosyn and syntaxin-1 were concentrated in the pre-
release of GH was inhibited by about 40% (Figure 7A).synapse (Figures 6Dc and 6Cd). In the presynapse, to-
When tomosynwas overexpressed, thehigh K1-inducedmosyn was localized mainly in the synaptic cytosol and
release was inhibited by about 30%. In contrast, neitherslightly on the presynaptic plasma membranes, whereas
the overexpression of syntaxin-1a nor tomosyn affectedsyntaxin-1 was localized mainly on the presynaptic
the low K1-induced release (Figure 7B). When both syn-plasma membranes and slightly on synaptic vesicles.
taxin-1a and tomosyn were cooverexpressed, the highIn these histochemical studies, the nonimmune rabbit
K1-induced release was inhibited by about 40% andserum and mouse IgG were used as controls for the anti-
the low K1-induced release was not affected (data nottomosyn and anti-syntaxin-1 antibodies, respectively.
shown). When the N-terminal fragment (aa 1±738) orA weak signal was nonspecifically detected using the
C-terminal fragment (aa 505±1116) of tomosynwas over-control antibodies (data not shown). The amount of
expressed, neither fragment affected the high or lowbackground signal was similar to that of the muscle
K1-induced release (data not shown). The total amountfiber, but was much less than that of the neural area
of coexpressed GH in PC12 cells was not affected byshown in Figures 6Dc and 6Dd. These results indicate
the overexpression of any of these proteins (data notthat in the presynapse, tomosyn is localized both on the
shown). Immunohistochemical analysis showed that ex-plasma membranes and in the cytosol, whereas syn-
pressed myc-tomosyn was diffusely stained in the cyto-taxin-1 is mainly localized on the plasma membranes.
sol and perhaps the plasma membrane, suggesting that
exogenous tomosyn was not aggregated (data notInvolvement of Tomosyn in Ca21-Dependent
shown). These results suggest that not only syntaxin-Exocytosis from PC12 Cells
1a but also tomosyn is involved in Ca21-dependent exo-We finally examined whether tomosyn is involved in
Ca21-dependent exocytosis. For this purpose, we used cytosis from PC12 cells and that this inhibitory effect of
layer; pl, Purkinje cell layer; gl, granular layer. (Ce) and (Cf) are from retina. Abbreviations are: ip, inner plexiform layer; in, inner nuclear layer;
op, outer plexiform layer; and on, outer nuclear layer. (Cg) and (Ch) are from neuromuscular junction. The arrow indicates nerve terminal.
Scale bars, 100 mm in (Ca) through (Cf) and 50 mm in (Cg) and (Ch).
(D) Immunogold localization of tomosyn in rat cerebellar molecular layer and neuromuscular junction. The sections were reacted with the anti-
tomosyn or anti-syntaxin-1 antibody, incubated with gold particles (1.4 nm) conjugated with goat IgG against rabbit or mouse IgG, respectively,
and silverenhanced. (Da) and (Db) show cerebellar molecular layer; (Dc) and (Dd) show neuromuscular junction. (Da) and (Dc) were reacted
with tomosyn; (Db) and (Dd) were reacted with syntaxin-1. The arrows indicate presynaptic plasma membrane. Abbreviations: NT, nerve
terminal; and M, muscle. Scale bars, 200 nm in (Da) and (Db) and 500 nm in (Dc) and (Dd).
The results shown in (A) through (D) are representative of three independent experiments.
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tomosyn is not simply due to the inhibition of the early complex formation. This interpretation is consistent with
the earlier finding that Munc18 does not form a stablesecretory or constitutive secretory pathway.
complex with syntaxin-1 in vivo, although it is abundant
in the presynapse (Garcia et al., 1995). It is not known
Discussion what triggers tomosyn to dissociate Munc18 from syn-
taxin-1 or how tomosyn is replaced by VAMP to form
Here, we have identified and characterized tomosyn, a the 7S complex; however, additional factors or modifica-
novel syntaxin-1±binding protein. Of the characterized tions (such as phosphorylation) of the components of
syntaxin family members, tomosyn specifically binds to the tomosyn or 7S complex may be necessary for these
syntaxin-1. To our knowledge, tomosyn is the only syn- processes.
taxin-binding protein that specifically binds to only one Tomosyn is homologous to the l(2)gl gene product
isoform of the syntaxin family. For example, Munc18-1 (L(2)gl), known as a tumor suppressor (Gateff and
and -2 bind to syntaxin-1, -2, and -3 (Hata and SuÈ dhof, Schneiderman, 1969, 1974). L(2)gl is implicated in estab-
1995), synaptotagmin-7 binds to syntaxin-1, -2, -3, and lishing cell polarity and plays a role in a signaling path-
-4 (Li et al.,1995), and syncollin, a novel syntaxin-binding way regulating cell growth and differentiation. On the
protein, binds to syntaxin-1 and -2 (Edwardson et al., membrane, L(2)gl is part of a cytoskeletal network that
1997). While syntaxin-1 is largely expressed in brain, extends into the cytoplasm and underlies the plasma
other isoforms are expressed in various tissues (Bennett membrane (Strand et al., 1994a). Moreover, L(2)gl is as-
et al., 1993). The wide tissue distributions suggest that sociated with nonmuscle myosin II heavy chain (Strand
many syntaxins will have tissue-specific binding part- et al., 1994b) that is localized at the presynaptic side of
ners. It is not yet known if tomosyn is the first member thesynaptic junctions (Beach et al.,1981) and is involved
of a gene family, in which case perhaps all syntaxins in neurotransmitter release (Mochida et al., 1994). It re-
would bind to members of this gene family, or if tomosyn mains unknown how these two seemingly separate
and syntaxin form a complex specific to the neural characters of tomosyn, a syntaxin-binding protein and
system. an L(2)gl homolog, are interlinked. Tomosyn is detected
Futhermore, tomosyn has the ability to dissociate in the outer plexiform layer of the retina and the postsyn-
Munc18 from syntaxin-1a, although the mechanism of apse of cerebellum where syntaxin-1 is undetectable.
this dissociation is not known. Some of the syntaxin- The function of tomosyn in these areas is not known,
binding proteins, including SNAP-25 and VAMP, bind to but tomosyn may play a role similar to that of L(2)gl in
syntaxin in a manner competitive with Munc18, but the these areas.
syntaxin-Munc18 complex is so stable that these syn- In summary, these studies add another player to the
taxin-binding proteins are not able to disrupt the com- intricate biochemical pathway that underlies neuro-
plex (Pevsner et al., 1994b). Doc2, a diacylglycerol- or transmitter release. As the number of characterized mol-
phorbol ester±dependent Munc-13±binding protein (Or- ecules increases, the possible targets for modulation of
ita et al., 1995, 1996, 1997), has recently been shown to transmitter release during neural plasticity expand as
bind to Munc18 in a manner competitive with syntaxin-1a; well. Further characterization of the biochemistry of
however, Doc2 itself does not disrupt the syntaxin-1a- transmitter release process should make possible a bio-
Munc18 complex (Verhage et al., 1997). Thus, tomosyn chemical understanding of learning and memory.
is the firstprotein having the ability to dissociateMunc18
from syntaxin-1. Experimental Procedures
Tomosyn is likely one of the many components of the
neurotransmitter release machinery. The formation of Materials and Chemicals
His6-Munc18 was purified as described (Fujita et al., 1996). GST-the 7S and 20S complexes isa crucialstep in thedocking
Munc18 was prepared by insertion of the appropriate DNA fragmentand/or fusion of synaptic vesicles with the presynaptic
of pQE9-Munc18 into the vector pGEX-2T. Each GST-syntaxin iso-plasma membrane (SoÈ llner et al., 1993a; Nichols et al.,
form (1a, 2, 3, or 4) and various truncated forms of GST-syntaxin-1a,
1997) and the formation of these complexes is likely first GST-SNAP-25, GST-VAMP, GST-synaptotagmin, and GST-Munc18
to require the dissociation of Munc18 from syntaxin-1 were purified by glutathione Sepharose 4B column chromatogra-
(Pevsner et al., 1994b). The sequential reactions of each phies (Bennett et al., 1992; Kee et al., 1995; Kee and Scheller, 1996).
His6-a-SNAP-myc and His6-NSF-myc were purified as describedcomponent during the formation of the 7S and 20S com-
(Pevsner et al., 1994b). A rabbit antiserum against MBP-C-terminalplexes remain unknown, but we have shown here that
fragment of tomosyn (aa 508±1116) was generated as describedtomosyn has two activities to dissociate Munc18 from
(Sambrook et al., 1989). The monospecific anti-tomosyn antibody
syntaxin-1 and to form a novel tomosyn complex with was affinity purified from the antiserum using the same fragment
syntaxin-1, SNAP-25, and synaptotagmin. We have (Sambrook et al., 1989). The monoclonal anti-a-SNAP, anti-NSF,
moreover shown here that tomosyn is not included in and anti-a-subunit of Na1/K1-ATPase antibodies were prepared as
described (Kee et al., 1995). The monoclonal anti-syntaxin-1, mono-the 7S complex. Although the tomosyn complex is not
clonal anti-SNAP-25, polyclonal anti-VAMP, and monoclonal anti-efficiently converted to the 7S complex by addition of
synaptotagmin antibodies were from Wako Pure Chemical Indus-VAMP in a cell-free system, the present results together
tries (Osaka, Japan). The monoclonal anti-synaptophysin antibody
with earlier observations (SoÈ llner et al., 1993b; Pevsner was from Boehringer Mannheim (Indianapolis, IN).
et al., 1994b) suggest that tomosyn first dissociates
Munc18 from syntaxin-1 and forms a novel tomosyn
Purification of Tomosyn from Rat Cerebral Cytosol
10S complex that may be converted to the 7S complex. All purification procedures were performed at 0±48C. GST-syntaxin-
Because the amount of tomosyn is less than that of 1a (1.2 nmol) or GST-Munc18 (1.2 nmol) were immobilized on gluta-
thione Sepharose 4B beads (150 ml) to make an affinity column.syntaxin, tomosyn may catalytically facilitate SNARE
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Twenty rat cerebra were homogenized in a Potter-Elvehjem Teflon- fraction was diluted with three volumes of Buffer D and the diluted
sample (800 ml, 0.5 mg of protein) was subjected to immunoprecipi-glass homogenizer with twelve strokes in 200 ml of Buffer B (10 mM
Tris/HCl [pH 7.5], 10% sucrose, and 10 mM [p-amidino-phenyl]- tation with 10 mg of the anti-tomosyn antibody bound to 20 ml of
protein A Sepharose CL-4B beads. The immunoprecipitates weremethanesulfonyl fluoride). The homogenate was centrifuged at
1,000 3 g for 20 min, and the supernatant was further centrifuged subjected to SDS-PAGE followed by Western blotting using each
indicated antibody. A nonimmune rabbit serum was used as a con-at 100,000 3 g for 1 hr. The supernatant (3.9 mg/ml of protein) was
used as a cytosol fraction. Sixty milliliters of the cytosol fraction was trol for the anti-tomosyn antibody. The amount of each protein spe-
cifically coimmunoprecipitated with tomosyn was estimated by sub-applied to the GST-syntaxin-1a or GST-Munc18 column, followed by
intensive washing, and the proteins on the beads were eluted by traction of the amount of each protein immunoprecipitated by the
nonimmune rabbit serum from the amount of each protein immuno-incubating with 33 Laemmli's buffer (500 ml). The eluate (100 ml
each) was subjected to SDS-PAGE followed by protein staining with precipitated by the anti-tomosyn antibody.
Coomassie brilliant blue.
Glycerol Gradient Centrifugation of the Detergent
Peptide Mapping of Tomosyn and Molecular Cloning Extract of the LP2 Fraction
of Its cDNA The detergent extract of the LP2 fraction (500 ml, 1.25 mg of protein)
p130 (tomosyn) was accumulated from 200 rat cerebra by the GST- was layered onto a 10.5 ml linear 10%±40% glycerol gradient in
syntaxin-1a affinity column chromatography and subjected to SDS- Buffer D containing 0.5% Triton X-100 and subjected to centrifuga-
PAGE (8% polyacrylamide gel). Protein bands corresponding to tion at 207,000 3 g for 18 hr. Fractions of 1 ml each were collected.
p130 were cut out from the gel and digested with a lysyl endo- a2-Macroglobulin (20S), catalase (11.3S), and BSA (4.6S) were used
peptidase, and the digested peptides were separated by TSKgel as S value markers on a parallel gradient.
ODS-80Ts (4.6 3 150 mm; Tosoh, Tokyo, Japan) reverse phase high
pressure liquid column chromatography (Imazumi et al., 1994). Over Effect of VAMP on the Tomosyn Complex
30 peptide peaks were observed, and the aa sequences of the four The immunoprecipitate of tomosyn in the LP2 fraction was prepared
peptides were determined by a peptide sequencer. A rat brain cDNA as described above. GST-VAMP or GST (5 nmol) was added to this
library in lZAPII (Stratagene) was screened using the oligonucleo- immunoprecipitate followed by centrifugation. The immunoprecipi-
tide probes designed from the aa sequences. DNA sequencing was tate and the supernatant were subjected to SDS-PAGE followed by
performed by the dideoxy nucleotide termination method using a Western blotting using each indicated antibody. The supernatant
DNA sequencer (A.L.F. DNA sequencer). was additionally treated with the anti-syntaxin-1 antibody, and the
immunoprecipitate was subjected to SDS-PAGE followed by West-
Overlay Assay ern blotting using each indicated antibody.
The full-length cDNA encoding tomosyn was inserted into the vector
pACYM1 and expressed in Sf9 cells. The cDNA encoding the N-ter-
Subcellular Distribution of Tomosyn in Rat Cerebrumminal fragment (aa 1±738) or the C-terminal fragment (aa 508±1116)
Ten rat cerebra were homogenized in 100 ml of Buffer B and centri-of tomosyn was inserted into the vector pMAL-c2 and expressed
fuged at 1,000 3 g, and then at 100,000 3 g. The supernatant wasin E. coli. Most tomosyn expressed in Sf9 cells and E. coli was
used as a cytosol fraction. The pellet was furthermore suspendedrecovered in the detergent-insoluble membrane fraction. The Sf9
in 100 ml of Buffer B containing 2% Triton X-100, agitated for 1 hr,cells expressing tomosyn or E. coli expressing each fragment of
and centrifuged at 100,000 3 g for 1 hr. The pellet was suspendedtomosyn were collected and boiled with 33 Laemmli's buffer fol-
in 100 ml of Buffer B. The supernatant and the pellet were usedlowed by centrifugation. Each supernatant was used for overlay
as detergent-soluble and detergent-insoluble membrane fractions,assay. Various quantities of the tomosyn samples were subjected
respectively. Detailed subcellular fractionation of rat cerebra wasto SDS-PAGE and blotted onto nitrocellulose membrane. The mem-
performed as described (Mizoguchi et al., 1990).brane was treated as described with slight modifications (Manser
et al., 1994). The membrane was treated with 6 M guanidium hydro-
Immunohistochemistrychloride in Buffer C (25 mM HEPES/NaOH [pH 7.4], 0.5 mM MgCl2,
Light microscopic analysis was performed by immunofluorescenceand 0.05% Triton X-100) and agitated for 5 min in this solution,
method (Mizoguchi et al., 1990). The tissues of female Sprague-which was then diluted with an equal volume of Buffer C. This
Dawley rats (200±250 g) were fixed with a fixative containing 2%procedure was repeated five times, and the membrane was returned
paraformaldehyde and 8% sucrose in PBS, cryoprotected throughto PBS that contained 1% BSA, 0.5 mM MgCl2, 5 mM DTT, and
a range of increasing sucrose concentrations up to 30%, quick0.1% Triton X-100 to renature the proteins on the membrane. In
frozen, and cut on a cryostat at 8 mm. The sections were incubatedone set of experiments, the membrane was incubated with various
for 12 hr with the anti-tomosyn or anti-syntaxin-1 antibody, followedquantities of indicated GST- or His6-proteins in 1 ml of 13 TBS
by incubation for 12 hr with Texas red±conjugated anti-rabbit orcontaining 5% skim milk for 2 hr. Syntaxin-1a, SNAP-25, VAMP, and
FITC-conjugated anti-mouse antibody, respectively.synaptotagmin bound to the membrane were detected by Western
Electron microscopic analysis was performed by the silver-blotting using the anti-GST antibody. Munc18, a-SNAP, and NSF
enhancement method (Mizoguchi et al., 1994). The sections pre-were detected by Western blotting using the anti-His6 antibody. In
pared as described above were incubated with the anti-tomosyn oranother set of experiments, the membrane was incubated with vari-
anti-syntaxin-1 antibody, followed by incubation with gold particlesous quantities of GST-syntaxin-1a in the presence or absence of
(1.4 nm) conjugated with goat IgG against rabbit or mouse IgGvarious quantities of His6-Munc18 under the same conditions as
(Nanoprobes), respectively. After the sample was washed, it wasthose described above. Syntaxin-1aand Munc18 bound to the mem-
fixed and silver enhanced by the HQ-silver kit (Nanoprobes) for 8brane were detected by Western blotting using the anti-GST and
min at 188C. The sample was again washed, postfixed, dehydrated,anti-His6 antibodies, respectively. The intensity of the bands was
and embedded in epoxy resin. From this sample, ultrathin sectionsmeasured with CS-9000 (Shimazu, Kyoto, Japan). GST-syntaxin-1a
were cut, stained with uranyl acetate and lead citrate, and then(each 1 pmol) transferred to the same membrane was used as a
observed under an electron microscope (JEM-1200EX, JEOL,control to calculate the amounts of syntaxin-1a bound to tomosyn.
Tokyo, Japan).
Immunoprecipitation
The LP2 fraction was prepared from five rat cerebra as described Transfection of Tomosyn and Syntaxin cDNA Constructs
and Measurement of Release of Coexpressed GH(Huttner et al., 1983), suspended in Buffer D (10 mM HEPES/NaOH
[pH 7.5], 140 mM potassium acetate, 1 mM MgCl2, and 0.1 mM Expression vectors were constructed in pCMV5 (Takeuchi et al.,
1997) or pEF-BOS (Mizushima and Nagata, 1990) using standardEGTA), and solubilized with 2% Triton X-100 for 1 hr. Insoluble
material was removed by centrifugation at 100,000 3 g for 20 min, molecular biology methods (Sambrook et al., 1989). pCMV-syntaxin-
1a, pEF-myc-tomosyn, pCMV-myc-N-terminal fragment of tomosynand the supernatant was used as the detergent extract of the LP2
fraction. For immunoprecipitation, the detergent extract of the LP2 (aa 1±738), and pCMV-myc-C-terminal fragment of tomosyn (aa 508±
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1116) were constructed as described (Sambrook et al., 1989; Ko- Gateff, E., and Schneiderman, H.A. (1969). Neoplasms in mutant
and cultured wild-tupe tissues of Drosophila. Natl. Cancer Inst. Mo-muro et al., 1996). Transfection of these constructs with a plasmid
nogr. 31, 365±397.expressing human GH (pXGH) into PC12 cells and measurement of
release of coexpressed GH were performed as described (Komuro Gateff, E.,and Schneiderman, H.A. (1974). Developmental capacities
et al., 1996). Immunohistochemistry of the myc-tagged tomosyn- of benign and malignant neoplasms of Drosophila. Wilhelm Roux's
transfected PC12 cells was performed as described (Komuro et Arch. 176, 23±65.
al., 1996). The myc epitope was detected with a mouse anti-myc Hata, Y., and SuÈ dhof, T.C. (1995). A novel ubiquitous form of Munc-
antibody (9E10) and a donkey FITC-conjugated anti-mouse antibody 18 interacts with multiple syntaxins. Use of the yeast two-hybrid
(Chemicon). Cells were analyzed with Zeiss Axioplan microscope system to study interactions between proteins involved in mem-
(Carl Zeiss, Oberkochen, Germany). brane traffic. J. Biol. Chem. 270, 13022±13028.
Hata, Y., Slaughter, C.A., and SuÈ dhof, T.C. (1993). Synaptic vesicle
Other Procedures fusion complex contains unc-18 homolog bound to syntaxin. Nature
SDS-PAGE was performed as described (Laemmli, 1970). Protein 366, 347±351.
concentrations were determined with BSA as a reference protein as
Huttner, W.B., Schiebler, W., Greengard, P., and De Camilli,P. (1983).described (Bradford, 1976). Tomosyn, syntaxin-1, SNAP-25, VAMP,
Synapsin I (protein I), a nerve terminal-specific phosphoprotein. III.synaptotagmin, a-SNAP, and NSF transferred on nitrocellulose
Its association with synaptic vesicles studied in a highly purifiedmembranes after SDS-PAGE were detected by use of ECL immuno-
synaptic vesicle preparation. J. Cell Biol. 96, 1374±1388.detection system (Amersham). The amount of each protein was
Imazumi, K., Sasaki, T., Takahashi, K., and Takai, Y. (1994). Identifi-determined by tracing at 420 nm with each purified protein as a
cation of a rabphilin-3A-interacting protein as GTP cyclohydrolasestandard in a linear range (Shirataki et al., 1994).
I in PC12 cells. Biochem. Biophys. Res. Commun. 205, 1409±1416.
Kee, Y., and Scheller, R.H. (1996). Localization of synaptotagmin-Acknowledgments
binding domains on syntaxin. J. Neurosci. 16, 1975±1981.
Kee, Y., Lin, R.C., Hsu, S.C., and Scheller, R.H. (1995). Distinct do-The authors thank Dr. A. Yamamoto (Kansai Medical University) for
mains of syntaxin are required for synaptic vesicle fusion complexadvice on the immunohistochemical studies, Dr. J. E. Rothman and
formation and dissociation. Neuron 14, 991±998.Dr. T. SoÈ llner (Memorial Sloan-Kettering Cancer Center) for kindly
providing us with His6-a-SNAP-myc and His6-NSF-myc cDNAs. We Komuro, R., Sasaki, T., Orita, S., Maeda, M., and Takai, Y. (1996).
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